A reference material is defined as material, sufficiently homogeneous and stable with respect to one or more specified properties, which has been established to be fit for its intended use in a measurement process.
Reference materials provide a simple definition of the measured quantity that can be traced to an international standard and can be used to assess the uncertainty associated with a measurement system. Previous work established a reference material and procedure for calibrating full-field optical systems suitable for measuring static, in-plane strain distributions. Efforts are now underway to extend this work to the calibration of systems capable of measuring three-dimensional deformation fields induced by dynamic loading. The important attributes for a dynamic reference material have been identified in a systematic and rational fashion, which have been subsequently translated into a generic design specification. Initial prototypes of candidate designs have been produced and evaluated using experimental modal analysis and digital speckle interferometry, and the results have been compared with finite element analyses. Based on the outcome of this initial evaluation, further refinements in design and manufacturing are proposed.
Introduction.
Calibration of full-field optical deformation measurement systems is an essential step in providing traceability and promoting confidence in relation to displacement and strain distributions obtained from experiment. Calibration is also highly desirable when the full-field experimental data is used to validate computational models employed in engineering design. Therefore, the ADVISE project (Advanced Dynamic Validation through Integration of Simulations and Experimentation) [ [1] ] has set out to develop a Reference Material (RM) that will allow the calibration of full-field optical systems that are used to capture dynamic deformation fields associated with cyclic and transient loading events. The aim is to design, manufacture and demonstrate a physical RM that generates a known and reproducible displacement/strain field in a defined gauge-zone, as a function of an applied dynamic load. An iterative design process is being followed involving analytical, computational and experimental mechanics techniques in order to reduce possible sources of experimental uncertainty and to simplify the manufacturing process. The first step has been to define and rank desirable attributes of an RM that would facilitate an effective calibration procedure. Then, a set of designs were evaluated to arrive at preferred candidate designs. Subsequently, these designs were elaborated and evaluated further, using CAD and Finite Element Analysis (FEA). Then, prototype RMs were manufactured and experimentally characterised in an inter-lab study using Laser Doppler Velocimetry (LDV) for modal analysis and full-field Digital Speckle Pattern Interferometry (DSPI). This paper summarises the design process employed and the results obtained from this first phase of design evaluation and refinement.
Rational Decision Making Process
The rational decision making model [ [2] ] was employed to guide the definition and development of the RM, as already done in the design of SPOTS reference material [ [3] ]. As a first step, a comprehensive set of possible attributes were proposed and used as a basis of an ADVISE questionnaire to engage the engineering community in the weighing of these attributes. The surveyed communities included ADVISE partners and participants of the Society for Experimental Mechanics 2009 Spring Conference (Albuquerque, NM). Contributors were asked to weigh the attributes provided and to propose any extra attributes that they felt should be included. The results of this exercise are shown in Figures 1 and 2 , divided into those attributes associated with the displacement field that the RM should generate, and those associated with the general embodiment of the RM. The extra attributes suggested during the survey were that i) the displacement field comprise both out-of-plane and in-plane displacement components, ii) the start and end conditions of the calibration process have to be well defined , iii) the magnitude of displacements could be varied and iv) the RM could be manufactured from a viscoelastic material 34 Advances in Experimental Mechanics VIII
Selection of Candidate designs.
The weighted attributes formed the basis of a set of design constraints. The next step in the rational decision making model was to put these constraints aside, and to brainstorm the widest set of possible candidate designs conceivable to the ADVISE partners. Subsequently these design concepts were tested against the essential attributes (high weighting), and those designs that did not possess all of these were rejected. As a result of this filtering process, nine quite different candidate designs were left. The designs selected were then evaluated once more, this time against the desirable attributes (medium weighting), which led to the identification of two favoured candidate designs. These are i) a monolithic rectangular plate held by ligaments within a cylindrical (massive) frame and ii) a monolithic cantilever beam connected to a (massive) block support. As demonstrated in earlier work [ [4] , [5] ], the monolithic design ensures a high degree of repeatability and eliminates any slip phenomena due to clamping at boundaries and fixation points. An FEA study (COMSOL Multiphysics) was then undertaken to model the behaviour of the two complete RM structures to understand and optimise their dynamic behaviour, and to finalise design detail and dimensions before prototype manufacture. 
Evaluation of RM prototype by experimental investigation.
A prototype RM of each design was manufactured. The rectangular plate RM was machined from an extruded round bar of Dural Aluminium, which was turned down inside and out, to produce a stiff cylinder (outer diameter 180 mm) with a flat thin end-face (1mm thickness) The end-face was then milled to produce the plate and the ligaments which attach it to the cylindrical frame ( Figure  3 ). This RM was then evaluated experimentally in an inter-lab study using LDV-based modal analysis and full-field DSPI. A number of excitation sources were investigated including an impacthammer, electromechanical shaker, sound emitted from a loudspeaker, and a piezoelectric actuator. The restraint conditions applied to the cylindrical frame were also varied, including a simply supported configuration where the RM stayed in position due to its own weight and the flat machined on the outer face of the cylindrical frame ( Figure. 3), and a clamped configuration where bolts were used to rigidly attach the RM to a massive base via the flat on the cylindrical frame. A displacement-based Fast Fourier Transform (FFT) analysis was then carried out using a singlepoint LDV (Polytec, Germany, model OFV-302) and a dual-channel spectrum analyzer (Bruel & Kiaer) to measure the response over a grid of surface points on the plate. For these initial tests, the RM was clamped by its frame to a rigid optical table. As a first step, impact excitation was used to identify approximately the resonant frequencies, as illustrated in Fig. 5 . The impact excitation was then followed by sine-sweep acoustic excitation to more accurately characterise the resonance behaviour of the plate, as shown in Fig. 5 for some of the analysis points. The results obtained by this simple FFT analysis demonstrated the presence of many distinct modal frequencies and a good degree of mode-shape symmetry. Both the experimental and FEA studies indicated a total of twelve resonant frequencies in the range 0 to 2.6 kHz. The experimental modal analysis was extended by mounting the RM on a large electromechanical shaker using a specially designed mounting fixture to orientate the plate horizontally and apply the displacement to the whole RM vertically along its axis. The same LDV instrument was employed to measure the surface vibrations. The resonant frequencies measured in this shaker configuration are indicated in Table 1 , together with the frequencies derived from FEA of an equivalent plate both the case of pin-support at its corners and for the case of clamping around its edges. The classical experimental modal analysis was followed by a full-field study of the RM plate vibration using DSPI. Two different excitation sources were investigated, namely, a loud speaker and a piezoelectric (PZT) actuator, and the RM was tested in both a clamped and unclamped configuration. The first four measured mode shapes and associated resonance frequencies are provided in Fig. 7 , for the unclamped configuration, together with the results of FEA where the complete RM was modelled. Out-of-plane displacement field is considered to compare the mode shapes symmetry and difference between DSPI and FEA. The results of the experimental modal analyses and FEA compare quite well. However it can be seen that the position of the third and fourth mode shapes are reversed between experiment and FEA. The modal shapes were quite symmetric for the most part and more so for acoustic excitation when compared to PZT excitation. There was an appreciable gap between experimental and FEA derived resonant frequencies which was surprising considering the rather simple geometry of the RM. A number of explanations were considered for this mismatch in resonant frequencies including dimensional differences between design and prototype, residual stress, flatness of the plate, contributions from the cylindrical frame, and non-linear behaviour of the retaining ligaments. After further investigation through both FEA and experiment, it was concluded that the primary source of discrepancy between the measured and predicted behaviour was due to the residual stress in the RM that remained after manufacture. In addition to this, it was also observed that the cylindrical frame did not behave as a rigid body as was desired, but had a tendency to deform depending on the Applied Mechanics and Materials Vol. 70 clamping and loading configuration used. This was seen to influence the vibration behaviour of the plate in certain circumstances. Overall however, the vibration behaviour of the RM was very reproducible in the three different laboratories that participate in the evaluation study, which was attributed to the monolithic design concept employed.
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Conclusions
The design and evaluation process being employed to design an RM for the calibration of full-field optical measurement systems has been described. The rational decision making model employed has allowed a systematic and objective exploration of a large design space, where a range of candidate designs have been tested against a set of essential and desirable attributes, that were identified by a large cross-section of the engineering community. The experimental modal analysis and FEA evaluation of a first prototype RM has shown very promising results and indicated where the design and manufacturing of the RM can be improved. Work is now underway to produce a second RM which will be free from residual stress, has a frame that is more rigid, and that will have a refined ligament design to minimise the level of constraint. The aim is ultimately to produce an RM whose vibration mode shapes can be described accurately by an analytical expression, to facilitate straightforward and traceable calibration of full-field measurement systems.
